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Abstract: Seed germination and seedling establishment are the most critical stages in the barley
(Hordeum vulgare ssp. vulgare L.) life cycle that contribute substantially to grain yield. These two
phases are exposed to several forms of environmental stresses such as salinity due to high level of salt
accumulation in the soil rhizosphere where seed germination takes place and seedlings emerge from.
Previously, we have reported genotypic variability and independent QTLs associated with salinity
tolerance at seedling and germination stages. However, genotypic studies on revival of a seedling
germinating under salinity stress are yet to close the lack of information between germination and
seedling stages. Here, we attempt to close the genetic gap by targeting early seedling survival traits
in barley after germination under salinity (NaCl) stress and the various seedling vigour indices.
Seedling vigour parameters formed the basis for Quantitative trait locus (QTL) linkage mapping
in 103 Doubled Haploid (DH) lines of CM72/Gairdner population, and validated the phenotypic
response using a selected diverse panel of 85 barley germplasm. The results indicate that 150 mM
NaCl stress significantly reduced all the recorded phenotypic traits compared to 75, 90 and 120 mM
NaCl. In both DH population and diversity panel barley germplasm, the highest percentage reduction
was recorded in shoot length (65.6% and 50.3%) followed by seedling vigour index length (56.5%
and 41.0%), while root length (28.6% and 15.8%) and root dry weight (29.3% and 28.0%) were least
reduced when control was compared to150 mM NaCl stress treatment. Six QTLs containing 13
significant markers were detected in the DH population, 3 on chromosomes 1H, 8 on 3H and 2 on 4H
with LOD values ranging from 3 to 8 associated with seedling survival traits under salinity stress.
Three QTLs one on 1H and two on 3H with closely linked significant markers (Bmac0032, bPb-9418
and bPb-4741), (bPb-4576 and bPb-9624) and (bPb-3623, bPb-5666 and bPb-6383) for 1H and two on
3H respectively formed the regions with high possibility of candidate genes. A QTL on 3H flanked
with markers bPb-4576 and bPb-9624 that were detected in more than one salinity survival trait and
were closely linked to each other will form a basis for detailed studies leading to gene functional
analysis, genetic transformation and marker assisted selection (MAS).
Keywords: barley; seedling vigour; Quantitative trait locus (QTL); salinity tolerance; survival re-
sponse
1. Introduction
Barley (Hordeum vulgare ssp. vulgare L.) is an important crop grown globally for its
multipurpose uses for malting/brewing purposes, human food and animal feed. While it
has been reported to naturally acclimatise to varying environmental conditions, cultivated
barley varieties have a narrower genetic diversity to most stresses occasioned by deliberate
breeding programmes concentrating on fewer traits [1–3]. Most programmes focus on
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minimising the gap between yield capacity and actual yield under stress by identifying
the Quantitative trait loci (QTL) or responsible genes through phenotypic screening and
then incorporating it into adapted backgrounds [4]. The seedling stage is one of the
most important phases in barley growth and development and is determined by seed
germination. It governs production aspects including uniform stand, good nutrients
uptake, environmental stresses tolerance and yield [5]. Germination is a stage prompted
by water uptake into the embryo leading to root and shoot emergence. It is a foundation
for the succeeding seedling stage, and thus plays an imperative role in plant growth and
the ultimate yield [6].
Seedling establishment, which is a vital phase in the plant life cycle that lays foun-
dations for the succeeding growth stages, is exposed to numerous environmental stress
factors [7,8]. Salinity is among the main factors that affects germination and seedling
establishment of most crops including barley [9–13]. Salinity interferes with seed germi-
nation and plants growth and developments through (i) osmotic pressure imbalance i.e.,
initiating water shortage, (ii) ion toxicity, (iii) essential nutrients uptake imbalance and (iv)
production of reactive oxygen species (ROS) that act at cellular or at whole plant level to
cause physiological and biochemical defects that result to reduced germination, suppressed
seedling growth and poor harvest [6,14].
Uniform and timely germination and vigorous seedling growth under saline condi-
tions are some of the key traits when selecting for salinity tolerant genotypes. The ability
of a plant to grow under salinity stress determined by the proportion of dissolved salts
depends on the potential of the seed to germinate and grow under declining soil osmotic
potentials, as well as the plants’ varied internal cellular ionic compositions [15]. Barley is
grown on every continent because of its ability to adapt to various environmental condi-
tions [16]. It is produced in a wider topographical area than most other cereals, spreading
across more than 100 countries around the world, and is the fourth most important cereal
crop [16,17]. The top country by production in the world is Russian Federation at 19,939
thousand tonnes, which is 21.4% of the world’s barley production of 93,392 thousand
tonnes, followed by Canada, Ukraine, Australia and Turkey that account for 60.8% col-
lectively [18]. The world’s land affected by salinity is ~1125 million hectares, which is
approximately 6% of total global area including 20% of cultivated and 33% of the irrigated
land [19]. At the same time, more land area on the planet is being lost to high salinity
at the rate of ~1.5 million hectares annually, an indication that ~50% of arable lands will
be saline by 2050 [20] Most of the world’s barley producing countries are affected by the
salination problem including but not limited to the following Russian Federation, Australia,
Bangladesh, USA, China, Egypt, Turkey, India, Mexico, Iran, Syria, Iraq and Pakistan [19].
Several barley growing environments are prone to salinity stress due to high level of salt
accumulation in the topsoil due to high evapotranspiration and capillary actions from dry
and hot summers. Under such environments, seed germination and seedling development
phases are severely impacted by salinity stress until the excessive salt level is leached out
of the root zone by rain or irrigation later in the season by the time when the plants are
likely to be rather hardened and vigorous [21,22].
Few QTLs for salinity stress tolerance have been reported at seedling level in barley
including those governing response to ionic stress [23,24], osmotic stress [25,26] and salinity
tolerance [9]. Genome Wide Association analysis of salinity tolerance in a collection of
barley accessions from across the globe totaling to 350 identified genomic regions linked
with germination stage salinity tolerance [27]. Angessa et al. [9] mapped QTLs associated
with germination stage and/or seedling stage salinity tolerance in a DH population of
103 lines developed from CM72 (tolerant) and Gairdner (sensitive). Previous studies
demonstrated that salinity tolerance associated QTL at seedling phase vary from those
controlling similar response in other development stages [9,28]. However, studies on
salinity tolerance at the germination and seedling stages interphase, referred to as seedling
survival in this paper, appears to be scant in barley. Seedling survival (the singular vigorous
growth of the immediate post-germination phase without seedling loss) is an important trait
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in growing regions where dry seeding is practicing to fitting the crops growth period into
the narrow growing season, where a delayed seeding exposes flowering and grain filling
stages to abiotic stress factors that cause massive yield and grain quality reduction. Lack of
previous reports on seedling survival as a measure of salinity tolerance and our previous
findings of independent QTLs linked with salinity tolerance at germination and seedling
stages lead us to: (i) study seedling survival as a measure of salinity tolerance, (ii) identify
QTL associated with seedling survival and (iii) identify phenotypic trait as a measure of
seedling survival. Building on our previous study, our current study explored salinity
tolerance in the stage between germination and seedling in two sets of barley germplasm.
2. Materials and Methods
2.1. Germplasm
Two barley germplasm sets were used for this study. These are (i) 103 Doubled
Haploid (DH) lines developed from a cross between CM72 (salinity tolerant parental
genotype) and Gairdner (salinity susceptible parental genotype) [9], and (ii) A diverse
panel of selected 85 barley entries that included Australian barley varieties, breeding lines
and landraces from across the globe representing six continents characterised by different
head types and growth habits (Table S1). The diversity panel of 85 barley entries was
selected from our recent study conducted on salinity tolerance during germination [27].
Categorised based on the observed germination percentage (GP) under 150 mM NaCl stress,
the diversity panel was randomly selected to represent four salinity tolerance categories,
namely, tolerant group (>90% GP) (31 entries), moderately tolerant group (80–89% GP)
(37 entries), susceptible group (65–79% GP) (10 entries) and sensitive group (<65% GP)
(seven entries) (Table S2).
2.2. Germination Assays
Germination experiment of both germplasm sets was conducted using two treatments,
namely, 150 mM NaCl or deionised water (DI). Petri dishes with 9 cm diameter were fitted
with two filter papers and 100 surface sterilised seeds placed in each. Surface sterilisation
of barley seeds was done using 10% sodium hypochlorite for 5 min, followed by thorough
rinsing with sterile water [27]. All entries from both germplasm sets were subjected to
two treatments in three replications and placed in a dark oven set at ~24 ◦C temperature
level. Sprouted seeds were counted after 72 h from which Germination Percentage (GP)
and germination tolerance index (GTI) were calculated as shown in Equations (i) and (ii)
below. GP is the number of sprouted seeds expressed as a percentage of the total number of
incubated seeds multiplied by 100 [29]. GTI is the ratio of GP under NaCl stress treatment
and GP of the same entry under DI water as detailed by [9] and [27].
Germination Percentage (GP) =
Number of germinated seeds
Total number of seeds incubated
× 100 (1)
Germination tolerance index (GTI) =
Number of seeds germinated under NaCl stress
Number of seeds germinated under deionised water
× 100 (2)
2.3. Seedling Survival and Vigour Evaluation
Evaluation of entries from both sets of barley germplasm for seedling survival and
seedling vigour was conducted on germinated seeds in a glasshouse with a controlled
temperature level set to a maximum level of ~24 ◦C using a hydroponic system [5,30],
(Figure S1). Approximately 150 plump and uniform barley seeds per genotype were
selected and surface sterilised in 10% sodium hypochlorite solution for ~5 min [27]. The
seeds were rinsed thoroughly with distilled water, and then germinated as explained
in germination experiment using DI water and four different NaCl concentration levels,
namely, 75, 90, 120 and 150 mM. After 4 days of incubation in control or salinity stress in
an oven at ~24 ◦C in dark condition, six uniform seedlings per treatment in three replicates
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were transplanted and placed in the holes of the lids of the plastic tanks assigned with
control or salinity stress treatment as described below.
Six sets of 6L containers with a dimension of 25 cm length, 25 cm width × 12 cm depth
were filled with improved Hoagland’s nutrient solution [30]. The modified Hoagland solu-
tion comprised of 19.9 µmol/L Fe (III)EDTA, 0.2 mmol/L KH2PO4, 2 mmol/L NH4NO3,
0.3 mmol/L K2SO4, 0.4 mmol/L CaCl2, 46.9 µmol/L H3BO3, 0.4 mmol/L MgSO4,
4.5 µmol/L MnCl2, 0.19 µmol/L CuSO4, 1 µmol/L Na2MoO4 and 0.38 µmol/L ZnSO4 [30].
The containers were then covered with lids with holes that were in turn covered by Kim-
berly Clark Professional Kleenex Compact Towel tissues. The containers were assigned
with control treatment which received pure modified Hoagland’s nutrient solution or four
salinity stress levels. Salinity stress assigned containers received modified Hoagland’s
nutrient solution and four levels of salinity stress. All the containers were fitted with an
electric pump that constantly aerated the solution. Completely randomised design with
three replications was used and the experiments were repeated four times. The solution in
each tank was replaced after seven days and the pH adjusted to 6.5 through addition of
NaOH and/or HCl [31].
Fourteen days after transplanting, three plants per replication were harvested from
each entry per treatment and replication. The roots (R) were separated from the shoots
(S) at the base, to record the length (L) of each; root length (RL) and shoot length (SL).
Harvested root and shoot were put in labelled bags and oven dried at 80 ◦C temperature
for 72 h after which dry weight (DW) was recorded independently; root dry weight (RDW)
and shoot dry weight (SDW). Using length and weights measurements recorded on shoots
and roots for both treated (tr) and control (ck), Tolerance Indices (I) of roots, shoots were
calculated as follows.
Root length index (RLI) =
salt treated root L
control root L
× 100 (3)
Root dry weight index (RDWI) =
salt treated root DW
control root DW
× 100 (4)
Shoot length index (SLI) =
salt treated shoot L
control shoot L
× 100 (5)
Shoot dry weight index (SDWI) =
salt treated shoot DW
control shoot DW
× 100 (6)




















Note: Seedling length or dry weight is the sum of roots and shoots length or dry weight.
Assessment for seedling vigour (SV) was based on a previous study that used germina-
tion capacity, which is the ability of germinating seeds to give normal seedlings, to estimate
seedling vigour and represent the extent of salinity damage to the seedling [32]. SV was
calculated as the sum of average of the root and shoot vigour, seedling vigour index (SVI)
estimated by modified formula suggested by [33–35] as the product of seedling vigour
(root and shoot length/weight) by germination percentage, while the Relative seedling
vigour indices (RSVI) are the percentage of trSVI divided by ckSVI.
Treated SV by length (trSVL) = ∑(
(Root L + shoot L) Treated
n
) (11)
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Control SV by length (ckSVL) = ∑(
(Root L + shoot L) Control
n
) (12)
Treated SV by DW (trSVDW) = ∑(
(Root DW + shoot DW) Treated
n
) (13)
Control SV by DW (ckSVDW) = ∑(
(Root DW + shoot DW) Control
n
) (14)
Treated seedling vigour index (SVI) by length (trSVIL) =∑(
(Root L + shoot L) Treated
n
)× GP Treated (15)
Control SVI by length (ckSVIL) = ∑(
(Root L + shoot L) Control
n
)× GP Control (16)




Treated seedling vigour index (SVI) by DW (trSVIDW) =∑(
(Root DW + shoot DW) Treated
n
)× GP Treated (18)
Control SVI by DW (ckSVIDW) = ∑(
(Root DW + shoot DW) Control
n
)× GP Control (19)




where n refers to number of individual counts.
2.4. Phenotypic Data Analysis
The presented data, unless where it is specified, are the means of three indepen-
dent replications. Pearson correlation coefficients were used to estimate the association
between phenotypic traits pairs, and analysis of variance (ANOVA) was computed to
determine if there were significant differences between treatments with the differences
significance among mean values tested with Duncan’s Multiple Range tests (DMRT) at
p < 0.05. These analyses together with plotting of the graphs were performed using SPSS
statistical computer software program [36].
2.5. DNA Extraction and Molecular Marker Selection
Fresh leaf tissues were collected from all DH lines and their parental genotypes (used
to build up the linkage map) when their seedlings reached three leaves stage and their
genomic DNA extracted using CTAB method as described by [37] and further decontami-
nated through RNase treatment. Polymorphisms of each marker was then determined by
polymer chain reaction (PCR) reactions in a volume of 10 µL and electrophoresis; first using
the two parents (CM72 and Gairdner), and then followed by the analysis of individual lines
using the selected primers [38]. The Simple Sequence Repeat (SSR) markers were separated
by either 2% agarose gel or 6% polyacrylamide gel electrophoresis (PAGE) and visualised
under UV following ethidium bromide staining. A total of 350 (Diversity Array Technology
Pty Ltd., Canberra, Australia) (DArT) markers (http://www.diversityarrays.com) and
84 single sequence repeat (SSR) markers were selected to survey DH population.
2.6. Genetic Linkage Map Construction and QTL Analysis
An integrated genetic linkage map was developed using MapQTL 5.0 software [39],
with 350 Diversity Array Technology (DArT) and 84 Simple Sequence Repeat (SSR) markers.
Interval mapping (IM) function was used to perceive significant QTLs passing a logarithm
of odds (LOD) and a threshold score of 3.0 at p < 0.05 was used to declare a significant locus
for phenotype data. This was predicted by execution genome-wide permutation analysis
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done in MapQTL 5.0 with 1000 permutations of the original data on each salinity seedling
survival trait that resulted in a 95% LOD threshold of around 3.0. The intervals flanking
each QTL on the right and left was determined, by taking two positions peak, with LOD
values lower than the maximum after performing restricted multiple QTL model (MQM)
mapping. R2 which is the percentage variance elucidated by each QTL was attained by
restricted MQM mapping [39]. The graphical image of the linkage map and QTL was
done in MapChart 2.2 [40]. Broad sense heritability (H2) estimates were done using the
formula proposed by [41] using genotypic (σ2g) and phenotypic (σ2 p) variances. The
respective genotypic and phenotypic variances were calculated from the mean squares of
the genotypes (MSg) and experimental error (MSe) as shown below.




Error variance (σ2e) σ2e = Mse (22)








where r refers to number of replicates.
3. Results
3.1. Phenotypic Response to Salinity Stress
Salinity stress reduced seedling survival traits recorded on young plants from seeds
germinated under various salinity levels in the DH population (103 lines) and diverse
barley germplasm panel (85 entries) without any mortality. Salt concentration of 150 mM
NaCl had a higher effect on DH lines seedling survival than 75, 90 and 120 mM NaCl
treatment levels (Figure 1A). In our second experiment of diverse barley germplasm panel,
we only used two salinity levels of 75 and150 mM NaCl because we did not record much
variation among 75, 90 and 120 mM NaCl in the DH population trial (Figure 1A,B). The
lowest salinity stress level of 75 mM NaCl increased root length (18.9cm) with almost no
variation observed in the whole seedling length (4.7cm) and root weight (1.0 mg) compared
to observations in the control treatment (Figure 1B). Overall, among the four levels of
salinity concentration treatments used in this study, the highest level of 150 mM NaCl
adversely and consistently affected shoot, root and seedling length or dry weight in both
the DH population and diverse barley germplasm panel. Compared with observations
made under control treatment, the 150 mM NaCl concentration treatment caused almost
50% reduction in most traits (Figure 1A,B).
Due to strong effect of 150 mM NaCl level on almost all the traits, our further in-
vestigation into genotypic differences in seedling survival in two barley germplasm sets
in this study was based on observations made under the highest salinity level and the
control treatments. Salinity stress with 150 mM NaCl reduced all the traits in both DH
population and diversity barley panel (Figure 2). Salinity stress did not only reduced
germination, but it also impacted negatively on seedling growth to an extent of 50%
(Table 1). High germination tolerance index was not a direct reflection of a high Relative
seedling vigour index (RSVI) in selected barley accessions, for instance, WABAR2347 had
the highest germination index (97.0%) but with (50.2% and 53.1%) RSVI by length and DW
respectively (Figure 3). Starting with DH population then diversity panel barley set, the
highest reduction was recorded in shoot length (65.6% and 50.4%) followed by seedling
vigour index by length (56.4% and 41.0%), and root length (28.7% and 15.9%) and root dry
weight (29.8% and 30.4%) respectively. Seedling vigour indices best explained the seedling
survival of sprouted plants after germinating in salinity stress since it related the two traits
(germination and early seedling growth). Barley entries seedling stage phenotypic traits
variation assessed under 150 mM NaCl stress treatment exhibited considerable variations
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in both CM72/Gairdner DH population and barley germplasm diversity panel (Table 1).
The average GTI was highest for both DH population and diversity panel at 81.3% and
83.7%, while R/SDWI was the lowest at 12.4% and 13.4%, respectively. BmnL-75 had the
highest RSVI for both length (84.5%) and weight (79.9%) but with a GTI of 88.9% among the
diversity panel germplasm set (Figure 3). Interestingly, C01P-53 recorded the lowest level
of indices in GTI (42.4%), RSVIL (25.5%) and 21.6% for RSVIDW (Figure 3 and Table S3).
Table 1. Seedling survival extent of variations in barley germplasms in response to 150 mM NaCl salinity stress.
Germplasm










population GTI 81.3 97.0 47.4 16.3 0.2 4.1 **
SLI 35.5 62.5 23.3 9.2 0.3 2.3 **
RLI 72.7 91.8 59.8 10.0 0.1 2.5 **
R/SLI 21.5 37.2 11.6 5.6 0.3 0.1 **
SDWI 60.6 78.8 40.0 12.6 0.2 3.1 **
RDWI 72.9 100.8 51.0 15.2 0.2 3.8 **
R/SDWI 12.4 20.0 6.5 3.1 0.2 0.1 **
trSL (cm) 74.4 93.3 40.0 15.0 0.2 3.7 **
trRL (cm) 159.1 186.7 112.5 19.3 0.1 4.8 **
trR/SL 2.2 3.3 1.7 0.4 0.2 0.1 **
trSDW (mg) 17.0 26.0 11.0 4.1 0.2 1.1 **
trRDW (mg) 40.2 53.3 20.4 8.2 0.2 2.4 **
trR/SDW 2.3 3.0 1.9 0.3 0.1 0.1 **
trSVIL 91.7 131.6 46.3 23.9 0.3 6.0 **
RSVIL 44.0 80.3 26.1 11.2 0.2 2.8 **
trSVIDW 1.0 1.9 0.5 0.3 0.3 0.1 **
RSVIDW 25.6 76.7 15.1 9.7 0.4 2.4 **
Diversity
panel GTI 83.7 97.0 42.4 12.2 0.2 1.5 **
SLI 42.8 90.0 11.4 13.7 0.5 2.4 **
RLI 71.3 101.7 57.2 13.3 0.4 3.4 **
R/SLI 14.9 62.1 9.5 7.2 0.6 0.1 **
SDWI 43.8 96.6 13.4 13.1 0.5 2.3 **
RDWI 64.8 100.0 44.2 12.1 0.5 3.2 **
R/SDWI 13.4 47.7 8.6 5.7 0.6 0.1 **
trSL (cm) 59.1 120.0 13.3 22.3 0.5 3.5 **
trRL (cm) 78.0 125.0 30.0 19.1 0.5 3.9 **
trR/SL 1.2 7.3 0.7 0.9 0.8 0.1 **
trSDW (mg) 16.9 27.4 7.9 3.8 0.5 1.4 **
trRDW (mg) 19.2 39.5 5.7 6.8 0.5 1.2 **
trR/SDW 0.7 3.3 0.4 0.4 0.7 0.1 **
trSVIL 60.2 118.4 23.0 18.4 0.5 3.4 **
RSVIL 47.9 88.3 25.4 13.3 0.5 2.7 **
trSVIDW 1.5 3.3 0.8 0.5 0.5 0.1 **
RSVIDW 44.6 84.8 22.0 11.7 0.5 2.5 **
Note: **, Significant at the 0.05 probability levels between genotypes. Where: GTI—Germination tolerance index, SLI –Shoot length
index, RLI –Root length index, R/SLI—Root to shoot length index, SDWI –Shoot dry weight index, RDWI –Root dry weight index,
R/SDWI—Root to shoot ratio dry weight index, trSL—Shoot length treated, trRL—Root length treated, trR/SL—Root to shoot ratio
length treated, trSDW—Shoot dry weight treated, trRDW—Root dry weight treated, trR/SDW—Root to shoot ratio dry weight treated,
trSVIL—Treated seedling vigour index length, RSVIL—Relative seedling vigour index length, trSVIDW—Treated seedling vigour index
dry weight and RSVIDW—Relative seedling vigour index dry weight.
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Figure 1. (A) Block plots for seedling survival traits of CM72/Gairdner DH populations under different levels of NaCl concentrations (mM) grown in hydroponic 
solutions after germinating under the same conditions; (B) Block plots for seedling survival traits of selected barley accessions under different levels of NaCl con-
centrations (mM) grown in hydroponic solutions after germinating under the same stress. 
Figure 1. (A) Block plots for seedling survival traits of CM72/Gairdner DH populations under different levels of NaCl concentrations (mM) grown in hydroponic solutions after
germinating under the same conditions; (B) Block plots for seedling survival traits of selected barley accessions under different levels of NaCl concentrations (mM) grown in hydroponic
solutions after germinating under the same stress.




Figure 2. Effect of 150 mM NaCl on seedling survival traits and seedling vigour indices of CM72/Gairdner DH populations and selected barley diversity panel. 
Values are given as mean ± SD of six experiments in each group. Error bars that are not overlapping differ significantly at p ≤ 0.05 and ** indicate significant difference 
between control and in the salt treatment at p < 0.05. 
Figure 2. Effect of 150 mM NaCl on seedling surviva traits and seedl ng vigour indices of CM72/Gairdner DH populations and selected b rley diversity panel. Values are given as mean
± SD of six experiments i each group. Error bars that are not overlapping differ significantly at p ≤ 0.05 a d ** indicate s gnificant difference between control and in the salt treatment at
p < 0.05.
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Figure 3. Representation of the highly tolerant and extremely sensitive 15 genotypes for germination tolerance index (GTI; blue line), Relative seedling vigour index 
by length (RSVIL; red line) and Relative seedling vigour index by DW (RSVIDW; green line).
Figure 3. Representation of the highly tolerant and extremely sensitive 15 genotypes for germination tolerance index (GTI; blue line), Relative seedling vigour index by length (RSVIL; red
line) and Relative seedling vigour index by DW (RSVIDW; green line).
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In DH population, trSVIL ranged from 46.3 to 131.6 cm, RSVIL from 26.1% to 80.3%,
trSVIDW from 0.5 to 1.9 g. and RSVIDW from 15.1% to 76.7%. The range of values for
seedling vigour indices in barley diversity panel were; 23.0–118.4cm for trSVIL, 25.4%–88.3%
for RSVIL, 0.8–3.3 g for trSVIDW and 22.0%–84.8% for RSVIDW. The highest value Relative
seedling vigour indices (RSVI) for both L and DW were recorded in BmnL-75 (84.4% and
79.9%) while the lowest was (25.5% and 21.6%) recorded in C01P-53 (Table 1). Frequency
distributions of RSVIL and RSVIDW are shown in Supplementary Figure S2; the traits
showed a normal distribution and the DH population was transgressive.
3.2. Correlation among Seedling Traits
Pearson correlation between seedling survival traits under 150 mM NaCl are pre-
sented separately for CM72/Gairdner DH population and barley diverse panel (Table 2).
Associations among all the recorded seedling character ranged from positive to negatives,
for both DH population and diverse panel. The highest correlation coefficients (r = 0.8 **)
was detected between trRDW and trSDW for the DH population and (r = 0.9 **) observed
between trSVIL and RSVIL for diversity panel set. The results indicated that there were
significant positive correlations among trSVIL, RSVIL, trSVIDW treated and RSVIDW at
p < 0.05 in both sets of genotypes (Table 2). GTI showed positive correlations with trSVIL,
RSVIL, trSVIDW and RSVIDW in both sets with varying strengths, but significant (p < 0.05).
Table 2. Pearson correlation among seedling survival traits of diverse barley panel (above) and CM72/Gairdner DH (below
main diagonal) in 150 mM NaCl.
GTI trSL trRL trR/SL trSDW trRDW trR/SDW trSVIL RSVIL trSVIDW RSVIDW
GTI 1 0.002 0.529 ** 0.189 0.002 0.281 ** 0.14 0.471 ** 0.461 ** 0.390 ** 0.462 **
trSL 0.043 1 0.401 ** −0.698** 0.831 ** 0.350 **
−0.678
** 0.747 ** 0.694 ** 0.639 ** 0.549 **
trRL 0.588 ** 0.689 ** 1 0.07 0.291** 0.653 ** 0.036 0.799 ** 0.729 ** 0.542 ** 0.502 **













trSDW 0.390 ** 0.470 ** 0.614 ** −0.211** 1 0.392 ** −0.726** 0.626 ** 0.569 ** 0.803 ** 0.618 **
trRDW 0.177 0.676 ** 0.770 ** −0.383** 0.815 ** 1 0.064 0.588 ** 0.524 ** 0.709 ** 0.499 **











trSVIL 0.809 ** 0.188 0.486 ** −0.01 0.031 0.337 ** 0.463 ** 1 0.932 ** 0.848 ** 0.760 **
RSVIL 0.831 ** −0.172 0.042 0.216 ** −0.427** −0.155 0.439 ** 0.744 ** 1 0.779 ** 0.837 **
trSVIDW 0.442 ** 0.612 ** 0.631 ** −0.403** 0.483 ** 0.684 ** 0.234** 0.314 ** 0.251 ** 1 0.799 **
RSVIDW 0.339 ** 0.443 ** 0.306 ** −0.346** −0.119 0.144 0.414 ** 0.203 0.496 ** 0.719 ** 1




trSVIDW 1.5 3.3 0.8 0.5 0.5 0.1 ** 
 RSVIDW 44.6 84.8 22.0 11.7 0.5 2.5 ** 
Note: **, Significant at the 0.05 probability levels between genotypes. Where: GTI—Germination tolerance index, SLI –
Shoot length index, RLI –Root length index, R/SLI—Root to shoot length index, SDWI –Shoot dry weight index, RDWI –
Root dry weight index, R/SDWI—Root to shoot ratio dry weight index, trSL—Shoot length treated, trRL—Root length 
treated, trR/SL—Root to shoot ratio length treated, trSDW—Shoot dry weight treated, trRDW—Root dry weight treated, 
trR/SDW—Root to shoot ratio dry weight treated, trSVIL—Treated seedling vigour index length, RSVIL—Relative seed-
ling vigour index length, trSVIDW—Treated seedling vigour index dry weight and RSVIDW—Relative seedling vigour 
index dry weight. 
3.2. Correlation among Seedling Traits 
Pearson correlation between seedling survival traits under 150 mM NaCl are pre-
sented separately for CM72/Gairdner DH population and barley diverse panel (Table 2). 
Associations among all the recorded seedling character ranged from positive to negatives, 
for both DH population and diverse panel. The highest correlation coefficients (r = 0.8 **) 
was detected between trRDW and trSDW for the DH population and (r = 0.9 **) observed 
between trSVIL and RSVIL for diversity panel set. The results indicated that there were 
significant positive correlations among trSVIL, RSVIL, trSVIDW treated and RSVIDW at 
p < 0.05 in both sets of genotypes (Table 2). GTI showed positive correlations with trSVIL, 
RSVIL, trSVIDW and RSVIDW in both sets with varying strengths, but significant (p < 
0. 5). 
Table 2. Pearson correlation among seedling survival traits of diverse barley panel (above) and CM72/Gairdner DH (below 
main diagonal) in 150 mM NaCl. 
 GTI trSL trRL trR/SL trSDW trRDW trR/SDW trSVIL RSVIL trSVIDW RSVIDW 
GTI 1 0.002 0.529 ** 0.189 0.002 0.281 ** 0.14 0.471 ** 0.461 ** 0.390 ** 0.462 ** 
trSL 0.043 1 0.401 ** −0.698 ** 0.831 ** 0.350 ** −0.678 ** 0.747 ** 0.694 ** 0.639 ** 0.549 ** 
trRL 0.588 ** 0.689 ** 1 0.07 0.291** 0.653 ** 0.036 0.799 ** 0.729 ** 0.542 ** 0.502 ** 
trR/SL 0.299 ** −0.859 ** −0.251 ** 1 −0.584 ** −0.064 0.872 ** −0.319 ** −0.305 ** −0.334 ** −0.297 ** 
trSDW 0.390 ** 0.470 ** 0.614 ** −0.211** 1 0.392 ** −0.726 ** 0.626 ** 0.569 ** 0.803 ** 0.618 ** 
trRDW 0.177 0.676 ** 0.770 ** −0.383 ** 0.815 ** 1 0.064 0.588 ** 0.524 ** 0.709 ** 0.499 ** 
trR/SDW 0.365 ** 0.278 ** 0.162 −0.277 ** −0.392 ** 0.202 1 −0.335 ** −0.316 ** −0.413 ** −0.374 ** 
trSVIL 0.809 ** 0.188 0.486 ** −0.01 0.031 0.337 ** 0.463 ** 1 0.932 ** 0.848 ** 0.760 ** 
RSVIL 0.831 ** −0.172 0.042 0.216 ** −0.427 ** −0.155 0.439 ** 0.744 ** 1 0.779 ** 0.837 ** 
trSVIDW 0.442 ** 0.612 ** 0.631 ** −0.403 ** 0.483 ** 0.684 ** 0.234** 0.314 ** 0.251 ** 1 0.799 ** 
RS I  0.339 ** 0.443 ** 0.306 ** −0.346 ** −0.119 0.144 0.414 ** 0.203 0.496 ** 0.719 ** 1 
 
Pearson moment correlation coefficients (r) between the analysed traits (yellow–green) denotes high positive correlation 
(r → 1), (yellow–red) high negative correlation (r → −1) and blue the diagonal. Where: GTI—Germination tolerance index, 
trSL—Shoot length treated, trRL—Root length treated, trR/SL—Root to shoot ratio length treated, trSDW—Shoot dry 
weight treated, trRDW—Root dry weight treated, trR/SDW—Root to shoot ratio dry weight treated, trSVIL—Treated 
seedling vigour index length, RSVIL—Relative seedling vigour index length, trSVIDW—Treated seedling vigour index 
dry weight and RSVIDW—Relative seedling vigour index dry weight. ** Significant Pearson correlation coefficient at 0.05 
probability levels. 
 
1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0 -0.1 -0.2 -0.3 -0.4 -0.5 -0.6 -0.7 -0.8 -0.9 -1
Pearson moment correlation coefficients (r) between the analysed traits (yellow–green) denotes high positive correlation (r→ 1), (yellow–
red) high negative correlation (r→ −1) and blue the diagonal. Where: GTI—Germination tolerance index, trSL—Shoot length treated,
trRL—Root length treated, trR/SL—Root to shoot ratio length treated, trSDW—Shoot dry weight treated, trRDW—Root dry weight treated,
trR/SDW—Root to shoot ratio dry weight treated, trSVIL—Treated seedling vigour index length, RSVIL—Relative seedling vigour index
length, trSVIDW—Treated seedling vigour index dry w ight and RSVIDW—Relative seedling vigour index dry weight. ** Significant
Pearson correlation coefficient at 0.05 probability le els.
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3.3. Bi-Parent QTL Mapping for Seedling Survival Traits
The CM72/Gairdner DH population showed a transgressive segregation in relation
to their individual parents for seedling survival forming the basis for mapping of QTL
for salinity stress tolerance (Figure S2). We did not do QTL and marker–trait association
analysis for GTI for DH population and diverse panel because we had already reported
them in our previous studies. Three hundred and fifty DArT and 84 SSR markers in
our Bi-parent population were polymorphic amongst (CM72 and Gairdner), and were
thereafter evaluated in the remaining 103 lines before the scores being used for genetic
linkage map construction. We detected new QTLs for seedling survival traits under salinity
stress totaling to 13 on chromosomes 1H, 3H and 4H (Table 3 and Figure S3). Two markers
bPb-9624 (173.172 cM) and bPb-1278 (78.006 cM) were mapped on chromosome 3H and
4H for trRL with LOD values of 7.7 and 3.6, explaining 29.0% and 7.6% of the phenotypic
variations, respectively. Marker bPb-9624 was contributed by CM72 with an additive effect
of 3.5, while bPb-1278 had -1.8 from Gairdner. Two other markers bPb-3623 (190.268 cM)
and bPb-5666 (189.664 cM) on 3H were detected for trSVL at position 190.268 cM and
189.664 cM, having LOD values of 5.1 and 5.0, respectively, that explained between 19.0%
and 21.0% of the phenotypic variation from CM72 parent. Almost at the same position
(190.981 cM) as trSVL, marker bPb-6383 (190.981 cM) was mapped on 3H for trSVDW, it
recorded LOD value of 3.5 that contributed 10.5% of the variation from CM72. We further
mapped eight markers, three for trSVIL (bPb-4576 and bPb-9624 on 3H and bPb-9820 on
4H) and five for trSVIDW (Bmac0032, bPb-9418 and bPb-4741on 1H respectively and bPb-
4616 and bPb-9624 on 3H). The position of trSVIL markers were 184.281 and 173.172 cM
for bPb-4576 and bPb-9624 on 3H, and bPb-9820 on 4H was at 244.943 cM, while trSVIDW
markers were located at 28.004, 40.875 and 25.075 cM on 1H, respectively, and 142.225 and
173.172 cM on 3H. All the trSVIL and trSVIDW markers except bPb-9820 were contributed
by CM72 and were explaining between 8.1% and 21.8% of the total phenotypic variation. Its
worthy noting that marker bPb-9624 was detected for trRL, trSVIL and trSVIDW (Table 3).
3.4. Core QTLs Regions for Seedling Survival Traits under Salinity Stress Mapped on 3H and 1H
A total of eight markers were detected on chromosome 3H, with a region flanked by
markers bPb-4576 and bPb-9624 in the DH population being detected in more than one
trait (trRL, trSVIL and trSVIDW). Notably, three more markers detected on 3H, bPb-3623,
bPb-5666 and bPb-6383 were closely linked to the above flanking markers, while bPb-4616
was a distance from them (Table 3). On 4H, we mapped two markers, bPb-1278 and
bPb-9820 that were distanced from each other, whereas, on 1H we recorded three markers
Bmac0032, bPb-9418 and bPb-4741 that were closely linked to each other. The region
mapped by markers on 3H and 1H can therefore be considered for further validation and
fine mapping.
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Table 3. Quantitative Traits Loci (QTL) linked with seedling survival traits mapped using CM72/Gairdner DH population.
Trait Marker Chr Position cM LOD Variance % Explained Additive effect Tolerance Source H2
trRL bPb-9624 3 173.172 7.67 27.117 29.00 3.507 CM72 0.71
bPb-1278 4 78.006 3.55 24.200 7.60 −1.792 Gairdner
trSVL bPb-3623 3 190.268 5.14 86.774 20.50 4.972 CM72 0.82
bPb-5666 3 189.664 4.95 87.511 19.90 4.899 CM72
trSVDW bPb-6383 3 190.981 3.45 0.051 10.50 0.086 CM72 0.77
trSVIL bPb-4576 3 184.281 4.10 0.056 17.40 0.113 CM72 0.79
bPb-9624 3 173.172 4.06 0.056 17.20 0.110 CM72
bPb-9820 4 244.943 3.01 0.050 10.10 −0.081 Gairdner
trSVIDW bPb-4616 3 142.225 3.40 0.089 15.80 0.140 CM72 0.68
Bmac0032 1 28.004 3.21 0.077 8.60 0.100 CM72
bPb-9418 1 40.875 3.17 0.077 8.40 0.100 CM72
bPb-4741 1 25.075 3.09 0.077 8.10 0.098 CM72
bPb-9624 3 173.172 5.36 0.031 21.80 0.105 CM72
Where: trRL—Root length treated, trSVL—Treated seedling vigour by length, trSVDW—Treated seedling vigour by dry weight, trSVIL—Treated seedling vigour index length, trSVIDW—Treated seedling vigour
index dry weight, % Explained—The percentage phenotypic variation explained by the marker and H2—The broad-sense heritability.
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4. Discussion
4.1. The Dynamic Reaction of Barley Seedlings to Salinity Induced Stress
In a plant life cycle, seeds have maximum capacity to tolerate environmental pressures,
while germination and seedlings growth stages are extremely delicate. Therefore, to estab-
lish a good crop population stand requires well adapted genotypes both at germination
and seedling growth stages [42,43]. Seed germination is impaired by salinity stress in
barley and its tolerance depends on the genotype [9,27]. Salinity stress delays/inhibits
the imbibition process of a seed during germination by reducing the surrounding osmotic
potential making the emerging seedling less vigorous. In our context, NaCl reduced seed
germination and seedling vigour of barley genotypes as indicated by Figures 1 and 2. The
findings indicated the difference in responses for seed germination and seedling develop-
mental traits of DH population and selected barley diversity panel under salinity stress. As
expected, there was higher negative impact of the salt on both germination and seedling
traits when the concentration of NaCl was increased. These results were in line with those
reported by [44], using 0.0, 0.25, 0.275 and 0.30 M salt concentrations in barley (Hordeum
vulgare cv. Bülbül 89), 0.0%, 1.0%, 1.5%, 2.0% and 2.5% in Sorghum (Sorghum bicolor L.
Moench) and 160 mM NaCl in maize (Zea mays L.) by [14,45,46].
At 150 mM NaCl, the highest concentration level used in our study, it was recorded
that the germination tolerance index and seedling vigour indices were varied among
the barley genotypes. After seed germination (root emerging from seed), the growth of
shoot starts through a process of intense cell divisions that is very responsive to water
scarcity [47], and more sensitive to hostile ionic ratio because of undeveloped vacuole [48].
Consequently, the suppressed growth of barley seedlings can be linked to inhibition effect
of salinity stress during germination [44]. This is an indication that the negative effect of
salinity on seedling survival in this study was initially due to osmotic stress. The findings
reported by [44], suggest similar mechanisms when hydrogen peroxide (H2 O2) was applied
as an osmo-protectant in barley to alleviate salinity stress effect during germination and
early seedling growth. The findings also go in line with what was reported in Grass Pea
(Lathyrus sativus L.) [49], rice (Oryza sativa), soybean (Glycine max), wheat (Triticum aestivum)
and Arabidopsis plants [50].
Early seedling vigour (ESV), determines even emergence and speedy development
of plants in stressing condition in which they grow and stabilise the ultimate yield [51].
In most cases, it is expressed in terms of seedling height and weight with little regards
to the germination capacity [52,53]. However, seedling emergence under field condition
is an indication of a rapid germination and early seedling vigour which can be best
expressed by Seedling vigour index (SVI). SVI is influenced by physiological, genetic,
storage and the germinating condition of a seed [53]. In the current study, storage and
germinating conditions was held constant therefore, the physiological and genetic aspects
were evaluated though genotype-phenotype mapping by QTL analysis [54].
4.2. Major QTLs Locations and the Comparison of the Two Analysis Methods
The QTLs reported for salinity tolerance at germination stage in our previous stud-
ies [9,27], were different from what is reported here for seedling survival traits. Using the
same DH population included in this study, [9,28] mapped QTLs for early seedling growth
stage, late phenotypic agronomic and physiological traits on all chromosomes. Comparable
to their findings, our seedling survival QTLs were located on chromosomes 1H, 3H and 4H
(Table 3). The QTLs located on 3H and 4H and were closely linked to those reported by [9].
Two QTLs on 3H contributed by CM72 and recognised by markers bPb-4576 (184.281 cM)
and bPb-9624 (173.172 cM) were closely linked to bPb-6504 (176.5 cM) associated with 50%
seedling emergence in 150 mM NaCl dry weight, fresh weight and dry weight of 50% full
1st leaf expansion under 150 mM NaCl reported by [9]. The same markers (bPb-4576 and
bPb-9624) were distantly linked to bPb-1961 (161.1 cM) and bPb-1579 (159.8 cM) reported
previously together with bPb-3634 (192.8 cM) for fresh weight of 50% full 1st leaf expansion
under 150 mM NaCl [9] and dry weight at late growth stage under control condition [28].
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Using 172 DH lines generated from YYXT (salinity-tolerant) and Franklin (salinity-
sensitive), [55] identified five QTLs for salinity tolerance on 1H, 2H, 5H, 6H and 7H,
accounting for not less than 50% of the fore-leaf chlorosis and plant survival difference. The
experiment also included the two parents CM72 and Gairdner used in this study, whose
results confirmed their difference in response to salinity stress as reported here. Mano
and Takeda, [56] used two DH populations derived from the crosses, Steptoe/Morex and
Harrington/TR306 by interval mapping analysis to detect five QTLs governing salinity
stress tolerance at germination and the seedling stage. The study findings indicated that
QTLs for salinity tolerance at germination is different from those at seedling stage. Later,
twenty-three QTLs were reported by [57] for salt tolerance using Steptoe×Morex DH
population at seedling stage on all chromosomes except 4H. Further, in a hydroponic
experiment, [58] reported one major QTL on 2H controlling 50% of phenotypic variation
to salinity tolerance in Chinese landrace of barley using 188 DH lines generated from
TX9425 (salinity tolerant) and Naso Nijo (salinity sensitive) by leaf chlorosis and plant
survival. Using the same population as [58,59], reported four QTLs on 1H, 2H, 5H and
7H for physiological traits linked with salt tolerance at seedling stage in barley. Like our
study, [60] used 206 barley genotypes from across the globe in a potting experiment inside
a glasshouse to identify 24 markers associated with salinity stress on all chromosomes
except 1H by combining scores for plant survival and leaf chlorosis. Marker bPb-6504
reported in that study on 3H was closely linked to two markers bPb-4576 and bPb-9624
reported in the current study illumination a possibility of them being the same QTL. Using
2671 barley lines from a USDA mini-core collection, [61] identified SNPs on 4H associated
with salt tolerance in a region with HKT1;5 ion transporter (HORVU4Hr1G087960, location;
638634849–638636785bp) that is responsible for withdrawing Na+ from the xylem. The lo-
cation of the SNPs is very close to the marker (bPb-9820) on 4H (638546732bp) reported
in our current results. Further, [60] predicted the possibility of a salinity tolerance genes
on 4H related to ion homeostasis linked to marker bPb-9668. Using Association Mapping
in a structured barley population of 103, [62] reported 9 markers for salt tolerance, 12 for
Potassium ion (K+) and Sodium ion (Na+) across the whole barley genome.
We predicted a region on chromosome 3 that is likely to harbour putative genes for
seedling salinity survival after salinity stress germination. A search in barley genome [63]
gave us 36 genes (Table S4) from the flanking region. Late embryogenesis abundant protein
Lea, receptor-like kinase and Dehydrin families were noticeable, all of which have been
associated with drought and salinity stress [64–66]. Overexpressing these genes in model
plants can be used to elucidate their functions if it increases tolerance levels or reduced
survival capacity in salinity stress when knocked down. The finding of this research can
be further validated and fine mapped by either GWAS or other DH populations. Using
the GWAS approach, a diverse panel of barley accessions with a wide geographic origin
having 632 genotypes and 30,543 SNP markers by [67] is perfect. Association analysis
will be used to identify SNPs that are overlapping with the QTLs reported in this study
and facilitate the pinpointing of candidate genes. Alternatively, using a DH population
developed form parents with contrasting salinity tolerance like TX9425 salinity tolerant and
Naso Nijo salinity sensitive by Xu et al. (2012) and YYXT (salinity tolerant) and Franklin
(salinity-sensitive) by [55] in relation to the current DH population can be used.
5. Conclusions and Recommendations
In the current study, we recorded a large phenotypic difference among early seedling
growth traits in response to salinity stress. Two major QTLs for seedling vigour indices
were mapped on chromosome 3H using CM72/Gairdner DH population in addition to
two more on 1H and 4H. Further literature search indicated that some genes in the hotspot
on 3H have been reported to enhance salinity and other abiotic stresses in plants. The
supposed candidate genes and identified markers will be a source of important information
for studies on gene finding and functional analysis and marker-assistant selection (MAS)
breeding. Before that, we recommend validation studies to evaluate the allele effects
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precisely using a larger number of accessions by Genome-Wide Association Analysis
(GWAS) and other DH populations. Extra fine mapping of the region on 3H and 1H will
enable narrowing down to the putative gene and development of stable barley varieties
with vigorous seedlings under salinity through genetic transformation and associated
studies. The identified QTLs will form an important basis for development of new barley
lines that can survive salinity stress during germination and early seedling stage. The
markers will be used for pyramiding the seedling salinity survival QTLs by MAS and allow
for release of barley varieties that will have a vigorous seedling growth in saline prone
region of the world.
Supplementary Materials: The following are available online at https://www.mdpi.com/2073-439
5/11/1/103/s1, Table S1. Accessions used for association analysis; Table S2. Germination % of barley
varieties to 150mM NaCl; Table S3. List of top and bottom 15 genotypes for germination tolerance
index, Tolerance index salinity seedling; Table S4. Genes from barley genome in the two important
regions on 3H; Figure S1. Production of barley seedling under hydroponic solution phenotyping;
Figure S2. Histograms of seedling vigour index tolerance index (SVI TI) Length (L) and weight (DW)
for selected barley genotypes and CM72/Gairdner DH population under 150 mM NaCl; Figure S3.
Locations of the QTLs for seedling survival traits in barley after germinating under salinity stress in
CM72/Gairdner DH population.
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drought tolerance in Polish fodder and malting spring barleys. Theor. Appl. Genet. 2013, 126, 3021–3034. [CrossRef] [PubMed]
27. Mwando, E.; Han, Y.; Angessa, T.T.; Zhou, G.; Hill, C.B.; Zhang, X.Q.; Li, C. Genome-wide association study of salinity tolerance
during germination in barley (Hordeum vulgare L.). Front. Plant Sci. 2020, 11, 118. [CrossRef] [PubMed]
28. Xue, D.; Huang, Y.; Zhang, X.; Wei, K.; Westcott, S.; Li, C.; Chen, M.; Zhang, G.; Lance, R. Identification of QTLs associated with
salinity tolerance at late growth stage in barley. Euphytica 2009, 169, 187–196. [CrossRef]
29. Adjel, F.; Kadi, Z.; Bouzerzour, H.; Benmahammed, A. Salt stress effects on seed germination and seedling growth of barley
(Hordeum Vulgare L.) genotypes. J. Agric. Sustain. 2013, 3, 223–237.
30. Han, Y.; Yin, S.; Huang, L.; Wu, X.; Zeng, J.; Liu, X.; Qiu, L.; Munns, R.; Chen, Z.H.; Zhang, G. A sodium transporter HvHKT1; 1
confers salt tolerance in barley via regulating tissue and cell ion homeostasis. Plant Cell Physiol. 2018, 59, 1976–1989. [CrossRef]
31. Karunarathne, S.D.; Han, Y.; Zhang, X.Q.; Zhou, G.; Hill, C.B.; Chen, K.; Angessa, T.; Li, C. Genome-wide association study
and identification of candidate genes for nitrogen use efficiency in barley (Hordeum vulgare L.). Front. Plant Sci. 2020, 11, 1361.
[CrossRef]
32. Zhao, X.; Joo, J.C.; Kim, D.; Lee, J.; Kim, J.Y. Estimation of the seedling vigor index of sunflowers treated with various heavy
metals. J. Bioremediat. Biodegrad. 2016, 7, 353. [CrossRef]
33. Abdul-Baki, A.A.; Anderson, J.D. Vigor determination in soybean seed by multiple criteria. Crop Sci. 1973, 13, 630–633. [CrossRef]
34. Sagar, A.; Tajkia, J.E.; Haque, M.E.; Fakir, M.S.A.; Hossain, A.K.M.Z. Screening of sorghum genotypes for salt-tolerance based on
seed germination and seedling stage. Fundam. Appl. Agric. 2019, 4, 735–743. [CrossRef]
35. Podder, S.; Ray, J.; Das, D.; Sarker, B.C. Effect of salinity (NaCl) on germination and seedling growth of mungbean (Vigna radiata L.).
J. Biosci. Agric. Res. 2020, 24, 2012–2019. [CrossRef]
36. IBM Corporation. IBM SPSS Statistics for Windows; Version 25.0; IBM Corp.: Armonk, NY, USA, 2017.
37. Stein, N.; Herren, G.; Keller, B. A new DNA extraction method for high-throughput marker analysis in a large-genome species
such as Triticum aestivum. Plant Breed. 2001, 120, 354–356. [CrossRef]
38. Wang, D.; Shi, J.; Carlson, S.R.; Cregan, P.B.; Ward, R.W.; Diers, B.W. A low-cost, high-throughput polyacrylamide gel elec-
trophoresis system for genotyping with microsatellite DNA markers. Crop Sci. 2003, 43, 1828–1832. [CrossRef]
Agronomy 2021, 11, 103 19 of 19
39. Ooijen, V. MapQTL5.0, Software for the Mapping of Quantitative Trait Loci in Experimental Populations; Kyazma BV: Wageningen,
The Netherlands, 2004.
40. Voorrips, R.E. MapChart: Software for the graphical presentation of linkage maps and QTLs. J. Hered. 2002, 93, 77–78. [CrossRef]
41. Sayed, M.A.; Hamada, A.; Lèon, J.; Naz, A.A. Genetic mapping reveals novel exotic QTL alleles for seminal root architecture in
barley advanced backcross double haploid population. Euphytica 2017, 213, 2. [CrossRef]
42. Qu, X.X.; Huang, Z.Y.; Baskin, J.M.; Baskin, C.C. Effect of temperature, light and salinity on seed germination and radicle growth
of the geographically widespread halophyte shrub Halocnemum strobilaceum. Ann. Bot. 2008, 101, 293–299. [CrossRef]
43. Debez, A.; Ben Slimen, I.D.; Bousselmi, S.; Atia, A.; Farhat, N.; El Kahoui, S.; Abdelly, C. Comparative analysis of salt impact on
sea barley from semi-arid habitats in Tunisia and cultivated barley with special emphasis on reserve mobilization and stress
recovery aptitude. Plant Biosyst. Int. J. Deal. Asp. Plant Biol. 2019, 17, 1–9. [CrossRef]
44. Kilic, S.; Kahraman, A. The Mitigation Effects of Exogenous Hydrogen Peroxide when Alleviating Seed Germination and Seedling
Growth Inhibition on Salinity-Induced Stress in Barley. Pol. J. Environ. Stud. 2016, 25, 1053–1059. [CrossRef]
45. Wang, H.; Chen, G.; Zhang, H.; Liu, B.; Yang, Y.; Qin, L.; Chen, E.; Guan, Y. Identification of QTLs for salt tolerance at germination
and seedling stage of Sorghum bicolor L. Moench. Euphytica 2014, 196, 117–127. [CrossRef]
46. Cui, D.; Wu, D.; Somarathna, Y.; Xu, C.; Li, S.; Li, P.; Zhang, H.; Chen, H.; Zhao, L. QTL mapping for salt tolerance based on snp
markers at the seedling stage in maize (Zea mays L.). Euphytica 2015, 203, 273–283. [CrossRef]
47. Nonogaki, H.; Bassel, G.W.; Bewley, J.D. Germination—Still a mystery. Plant Sci. 2010, 179, 574–581. [CrossRef]
48. Alam, M.Z.; Stuchbury, T.; Naylor, R.E.L. Effect of NaCl and PEG induced osmotic potentials on germination and early seedling
growth or rice cultivars differing in salt tolerance. Pak. J. Biol. Sci. 2002, 5, 1207–1210. [CrossRef]
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